The virus causes slowly progressive diseases, mainly in the lungs and the central nervous system of sheep. Here, we investigate the molecular basis for the differential growth phenotypes of two MVV isolates. One of the isolates, KV1772, replicates well in a number of cell lines and is highly pathogenic in sheep. The second isolate, KS1, no longer grows on macrophages or causes disease. The two virus isolates differ by 129 nucleotide substitutions and two deletions of 3 and 15 nucleotides in the env gene. To determine the molecular nature of the lesions responsible for the restrictive growth phenotype, chimeric viruses were constructed and used to map the phenotype. An L120R mutation in the CA domain, together with a P205S mutation in Vif (but neither alone), could fully convert KV1772 to the restrictive growth phenotype. These results suggest a functional interaction between CA and Vif in MVV replication, a property that may relate to the innate antiretroviral defense mechanisms in sheep.
Maedi-visna virus (MVV) is a member of the lentivirus subfamily of retroviruses, causing encephalitis (visna), pneumonia (maedi), mastitis, and arthritis in sheep (26, 27) . The primary target cells of MVV infection are cells of the monocyte/macrophage lineage, and virus expression is activated upon macrophage maturation (6, 11, 22) . However, various cell types are permissive for infection by certain MVV strains in vitro. Lentiviruses in general exhibit a highly restricted cell and species tropism. This restriction is largely determined by host factors that either are required for virus replication or have antiviral activity.
Recently, two classes of lentiviral inhibitors were identified. One class is exemplified by APOBEC3G, a cytosine deaminase that induces C-to-U lesions in the viral cDNA minus strand during reverse transcription. This leads either to plus-strand G3A hypermutation in integrated virus DNA (C3T on the minus strand) or possibly also to the degradation of the retroviral cDNA prior to integration (14, 19, 21, 38) . The vif gene, which is present in all lentiviruses except equine infectious anemia virus, counteracts APOBEC3G by causing its degradation. Vif is essential for virus infectivity in vivo and for replication in primary cells in vitro (5, 12, 13, 18, 20, 31) .
We have shown that MVV lacking Vif is noninfectious in sheep and that replication is cell type dependent. Thus, Vifdeficient MVV replicates poorly in macrophages and sheep choroid plexus (SCP) cells, whereas fetal ovine synovial (FOS) cells appear semipermissive. We have also found an elevated frequency of G3A mutations in Vif-deficient MVV, indicating a function for MVV Vif that is similar to that of human immunodeficency virus type 1 (HIV-1) (18) .
The capsid of retroviruses has been shown to be a target for cellular restriction factors in various virus and cell systems. The first of these to be characterized was Fv1, a gene product of an endogenous retrovirus in the mouse genome that blocks certain strains of Friend leukemia virus. The amino acid sequence of the capsid determines whether the virus is sensitive to Fv1 or not (4) . A host factor, Lv1, restricting HIV-1 in many monkey cells has recently been identified as tripartite motif protein 5␣ (TRIM5␣), a protein of unknown function (32) . A similar restriction has been found in human cells that are resistant to certain murine leukemia virus strains, and the capsid is targeted here as well (15, 35) . The restriction factor, Ref1, has also been shown to be a TRIM5␣ variant (17) .
In this study, we examined the different cell tropism and pathogenicity of two molecular clones of MVV (2, 33) . One of the clones (KS1) replicates well in SCP cells, but replicates only to low titers in macrophages, and is nonpathogenic in sheep. The other clone (KV1772) replicates to high titers in SCP cells and macrophages and is highly pathogenic in sheep. Both clones have their origin in a transmission experiment where virus was passaged serially through tissue culture and sheep (29) , and they differ by 129 nucleotides. By constructing recombinant viruses and a series of amino acid substitution mutations, we mapped the attenuated phenotype of KS1 to two point mutations, one in the CA domain of gag and the other in vif.
MATERIALS AND METHODS
Virus and cells. The molecularly cloned viruses KV1772 (formerly KV1772kv72/67) and KS1 (formerly LV1-1KS1) have been described previously (2, 29, 30) . SCP cells established as described previously (7, 28) were grown at 37°C in a humidified atmosphere of 5% CO 2 in Dulbecco's modified Eagle medium (Gibco) supplemented with 2 mM glutamine, 100 IU of penicillin per ml, 100 IU of streptomycin per ml, and either 10% lamb serum (growth medium) or 1% lamb serum (maintenance medium). Macrophage cultures were established as described previously (29) .
Transfections were performed by using FOS cells. DNA was transfected with Lipofectamine as specified by the manufacturer (Life Sciences, Inc.). Transfected FOS cells were passaged and incubated in maintenance medium until syncytia appeared (5 to 8 days). Supernatants from transfected cells were also tested for the presence of reverse transcriptase (RT) activity before passage into SCP cells.
RT assay. Viral particles from 0.5 ml of cell-free supernatants from infected cells were pelleted at 14,000 rpm for 1 h in a microfuge. RT activity was determined as described previously (1) .
Real-time PCR assay. Viral particles from 200 l of cell-free supernatants from infected cells were pelleted at 14,000 rpm for 1 h in a microfuge. The pellet was dissolved in 10 l TNE (10 mM Tris, pH 7.5; 100 mM NaCl; 1 mM EDTA) with 0.1% Triton X-100. This lysate was used for generating cDNA with RevertAid M-murine leukemia virus reverse transcriptase (Fermentas) and a primer from the gag gene (V-1818 [5Ј-CGGGGTACCTTACAACATAGGGGGCGCG G-3Ј]). Real-time PCR was carried out with a DNA Engine Opticon System (MJ Research) in a final volume of 20 l. The primers and TaqMan probe were as follows: forward primer, V1636 (5Ј-TAAATCAAAAGTGTTATAATTGTGGG A-3Ј), reverse primer, V-1719 (5Ј-TCCCACAATGATGGCATATTATTC-3Ј); TaqMan probe, V1665TaqMan (5Ј-FAM-CCAGGACATCTCGCAAGACAGT GTAGACA-Black Hole Quencher-1-3Ј). (FAM is 6-carboxyfluorescein.) Calibration curves were derived by running 10-fold dilutions of specific cDNA over a range of 60 to 6 ϫ 10 7 copies. Each assay included duplicate wells for each dilution of calibration DNA and for each cDNA sample.
Construction of recombinant clones. The molecular clone KV1772 is contained in two plasmids as described previously (29) . The restriction enzymes used for cloning are indicated in Fig. 1 . Mutants were generated by PCR-mediated site-directed mutagenesis, and the mutations were subsequently confirmed by sequencing.
Experimental infection of sheep. Icelandic sheep, 6 months old, were infected intratracheally with 1.0 ml of 10 4 50% tissue culture infective doses. Virus was injected into the trachea with a needle (23 gauge) under sedation with xylazinum (Xylapan; 0.2 ml intravenously) (34) .
Virus isolation from blood and organs. Virus was isolated from the buffy coat as described previously (33) . The following organs were tested for presence of infectious virus by coculture with SCP cells (24) on January 22, 2018 by guest http://jvi.asm.org/ cerebellum, spleen, cervical, mediastinal and mesenteric lymph nodes, bone marrow, and lungs (one sample from each lobe). If no cytopathic effects were observed, the growth medium was passaged twice, with the last observation after 6 weeks of culture.
RESULTS
The growth attenuation of the KS1 molecular clone is jointly determined by Vif and CA. To begin to map the determinants of the attenuated replication phenotype of the KS1 clone in macrophages, a series of recombinants were constructed, using restriction fragments from various parts of KS1 and with KV1772 as a backbone. All recombinant viruses were tested for replication in sheep blood-derived macrophages to see if the impaired replication of KS1 was transferred with the respective fragments. The macrophages were infected with equal amounts of virus (as determined by measuring RT activity), and replication was monitored by taking samples daily and quantifying virus by measuring RT activity or using TaqManbased real-time PCR.
We first tested a fragment comprising env, tat, vif, and a part of pol (VB1) (Fig. 1) . There was no effect on replication of the virus in macrophages. Adding further regions of pol, env, and the long terminal repeat did not have any effect either (clones VB2, VB3, VB5, and VB3 to VB5) (Fig. 1) . Only when the two mutations in gag were added was the attenuated replication in macrophages transferred (VB4) (Fig. 1) . However, replacing a shorter fragment containing the two gag mutations did not result in significantly attenuated replication in macrophages (VB6) (Fig. 1) . Only when three mutations in vif were cloned together with the mutations in gag did the virus acquire the attenuated phenotype (VB7) (Fig. 1) . The mutations in vif did not have an attenuated effect on their own (VB8) (Fig. 1) . It thus appears that there is an interaction between the mutations in gag and vif.
To ask which mutation(s) in gag associated with those in vif, a series of point mutations were introduced by site-directed mutation of KV1772. One of the two mutations in gag was in MA and the other was in CA. To distinguish between these two mutations, they were each constructed separately together with the mutations in vif. The virus with the mutation in MA replicated well in macrophages, whereas the virus with the mutation in CA replicated with kinetics similar to those of the KS1 strain, indicating that only the CA mutation was relevant. We then constructed the P-S mutation in Vif separately [strain Vif(P205S)], the mutation in CA separately [strain CA(L120R)], and the two mutations together [strain CA(L120R)-Vif(P205S)]. The replication kinetics of these strains were compared with the two parent strains in choroid plexus cells and macrophages. All strains replicated similarly in choroid plexus cells, whereas in macrophages CA(L120R) was somewhat affected and KS1 and CA(L120R)-Vif(P205S) replicated more slowly and to a lower titer (Fig. 2) . Adaptation of KS1 and CA(L120R)-Vif(P205S) to growth in macrophages was observed upon extended passage, but direct reversion mutants were not detected. We are currently searching for possible second-site suppressor mutations.
Interestingly, the P-S mutation in Vif is in a proline-rich region at the C-terminal end of the protein that has been shown to be important for association with cellular membranes and interaction with the Gag precursor Pr55 gag (3, 9, 10), whereas the mutation in CA is an L-R mutation in a position corresponding to amino acid 131 in helix 7 in HIV-1 (8, 36) .
In vivo inoculation with the two parental strains and the recombinant virus CA(L120R)-Vif(P205S).
The KS1 strain has repeatedly been shown to be nonpathogenic in sheep, whereas the KV1772 strain is highly pathogenic (33) . Of 219 attempts to isolate virus from blood of sheep infected with KS1 in various experiments, virus was isolated only on one occasion. Sequencing of the CA and vif genes of this isolate revealed a reversion of the L-R mutation in CA back to L. This isolate grew well in macrophages (Fig. 3) .
Three sheep, each 6 months old, were inoculated intratracheally with each of the three virus strains KV1772, KS1, and CA(L120R)-Vif(P205S). Blood was collected for virus isolations once a week for the first 8 weeks and biweekly thereafter until sacrifice after 18 weeks. At sacrifice, virus isolations were attempted from several organs, including brain, lungs, spleen, lymph nodes, and bone marrow. As shown in Table 1 , virus was readily recovered from blood and organs of the three sheep that had been inoculated with strain KV1772, whereas no virus was isolated from sheep inoculated with KS1 virus. However, one of the three sheep inoculated with the recombinant CA(L120R)-Vif(P205S) virus was clearly infected. This result was not expected, since the CA(L120R)-Vif(P205S) strain has replication kinetics in macrophages similar to those of the KS1 strain. Sequencing of virus isolates from the infected sheep did not show a reversion of the mutations in CA and vif. One of the blood isolates was tested for replication in macrophages, and it showed attenuated replication similar to that of the CA(L120R)-Vif(P205S) strain (data not shown). We then speculated that this particular sheep might not express a putative virus inhibitor. We therefore infected four additional sheep with the virus CA(L120R)-Vif(P205S) and isolated macrophages from each sheep before infection to test replication of the CA(L120R)-Vif(P205S) strain compared to KV1772. Replication of the CA(L120R)-Vif(P205S) strain was attenuated in macrophages from all of the four sheep (data not shown). The sheep were kept for 18 weeks as before, and attempts were made to isolate virus from the same organs. No virus was isolated from any of the organs, but one isolate was recovered from blood (Table 1) .
DISCUSSION
In this study, we traced the attenuated replication and infectivity of the molecular clone KS1 to two simultaneous mutations, one in the CA domain of gag and the other in vif. The CA mutation affected replication in macrophages somewhat, but with the addition of the vif mutation, replication in macrophages was markedly reduced. The mutation in vif on its own did not affect replication in macrophages. The finding that a reversion of the mutation in CA in the KS1 clone caused a reversion in phenotype further supports the importance of the mutation in the capsid. The CA mutation is an L-R mutation in amino acid 120 of MVV CA. This is a position corresponding to K131 in helix 7 in the N-terminal domain of HIV-1 CA protein. There is a charged amino acid in this position in all lentiviruses except caprine arthritis encephalitis virus and MVV (36) . Charge change mutants of adjacent amino acids in helix 7 in HIV-1 have resulted in alteration in cell tropism that seems to be independent of Ref1/TRIM5␣ (16) . These mutations may therefore define an interaction of the capsid with uncharacterized host proteins.
The mutation in the vif gene is a P-to-S mutation in the C terminus, where membrane association, Gag interaction, and Vif multimerization have been mapped for HIV-1; interaction with Gag has also been mapped for caprine arthritis encephalitis virus (3, 9, 10, 25, 37) . The interaction with Gag has been mapped to the nucleocapsid part of Gag in vitro, but no interaction has been detected with CA (3, 25) . However, Vif has been shown to play a role in the stability of the core of HIV-1 (23) , and the interaction between Vif and CA may either be indirect or too transient to be detected by standard methods that are used for detecting protein-protein interactions. It is possible that the two mutations are unrelated and that the effect is additive. However, since the mutation in vif did not have a detectible effect on replication on its own, it is tempting to speculate that there is interaction of CA and Vif in the replication of the virus.
Of seven sheep that were inoculated intratracheally with the virus harboring the two mutations [CA(L120R)-Vif(P205S)], one showed multiorgan infection typical of the wild type virus. However, virus isolates from this sheep retained the two mutations and replication characteristics of the mutant virus [CA(L120R)-Vif(P205S)]. It therefore appears that this sheep lacked host restriction. Unfortunately, the sheep is not available for further examination.
It is becoming increasingly clear that a variety of antiretroviral activities have evolved in mammals. The mutations we have described in this report may define a novel host restriction factor that targets the capsid and is counteracted by Vif. Another possibility would be that the CA mutation slows the growth of the virus by destabilizing the core, thus making it more susceptible to host proteins in general. This might exacerbate the effect of APOBEC3 when Vif is attenuated. We are currently addressing the possibility that APOBEC3 knockdown in sheep macrophages rescues growth of the KS1 MVV. 
